As global population growth continues, the rapidly increasing demand for food and the environmental impact of this demand is a growing concern. Most food in Hong Kong is imported, which has implications for the associated environmental footprint. The carbon and water footprints (CF and WF) of the average Hong Kong diet were estimated from available sources and compared to well-accepted sustainable diets to characterize environmental sustainability. The total CF was 5701.90 g CO2-eq per capita/day, and the WF was 4782.31 L per capita/day. While meat products contributed only 22% to the weight, they were responsible for 57% and 53% of the total CF and WF, respectively. The impacts of the Hong Kong diet were greater than those of well-accepted sustainable diets, possibly due to the heavy consumption of meat and the import of foods. This confirms an urgency to increase environmental awareness among Hong Kong's consumers and make interventions toward the adoption of sustainable, plant-based diets.
Introduction
The demand for food is steadily increasing with the rise in global population. Globally, the food system is one of the most economically important sectors, making up a huge portion of the gross domestic product (GDP) of most countries. As such, the environmental impact of the food system is a growing concern worldwide [1] . A three-fold increase in Chinese meat consumption has been observed over the past five decades, which raises particularly alarming concerns for related greenhouse gas emissions, as meat-based diets are associated with at least four times more emissions than plant-based diets [2] . The significance of dietary habits for the global environment is reflected in the 2030 Sustainable Development Goals, as several objectives are closely linked to the production, use, and disposal of food [3] .
At every phase in the food system, including producing, processing, packaging, transporting, storing, and retailing, there is an environmental cost that is closely associated with climate change and environmental sustainability [4, 5] . As a result of an imbalance in the entire system, the environment is being degraded-deforestation for the creation of farmland, in turn, reduces biodiversity and intensifies water scarcity [6] . Here, we chose to analyze the environmental impact of post-production consumption, which is estimated to contribute to more than half of total foodrelated GHG emissions [5] . The distance food is transported has a direct correlation to its GHG emissions [5] , which is particularly relevant to highly urbanized locations, such as Hong Kong [7] : since local food production in Hong Kong is minimal, consumers are heavily reliant on imported foods. rarely accounting for other environmental impacts [25] , and only a few describe Asian dietary habits [7, 13] . In the case of Hong Kong, the most recent reports on GHG emissions only measure water consumption [26] and the average diet [7] . Thus, the need to systematically analyze and report the environmental impacts of a typical Asian or Hong Kong local dietary habit using multiple indicators is warranted. By doing so, this study hopes to highlight the problems associated with current consumers' dietary habits and advocate for a change that will positively impact the environment.
The objective of this study is to characterize the environmental sustainability of a mean Hong Kong diet by comparing its calculated impact to three well-accepted sustainable diets: (1) the vegan diet, (2) the Mediterranean diet, and (3) the New Nordic diet [27, 28] . To our knowledge, no comparable studies on the WF for sustainable diets or a recommended WF value for a food system are currently available. The estimated CF of the Hong Kong diet was also compared to a recommended sustainable value of 2055 g CO2-eq per capita per day [21] .
Results
Each Hong Kong adult citizen consumes a total of 1845.98 g of food per day. The CF of an average diet was estimated to be 5701.90 g CO2-eq per capita per day while the estimated total WF was 4782.31 L per capita per day (Table 1) . Among all the foods consumed, meat (excluding aquatic animal consumption) contributes up to 22% of the average Hong Kong diet. Animal-derived products (such as eggs, milk, and aquatic animals) contribute 24% of total food consumption, while vegetables, grains, and fruit contribute another 43% of total food consumption. The rest of the diet is composed of fat/oil, salt, sugar, beverages, and eggs (Table 2) . Despite constituting only 22% of the weight of the average daily diet, the meat category contributed 57% of total CF and 53% of total WF of daily food consumption. In contrast, vegetables contributed only 11% of total CF and 8% of total WF, while comprising only 20% of the total diet. 
Discussion
The environmental impacts of the average Hong Kong diet, as assessed by their CF and WF, were found to be 5701.90 g CO2-eq and 4782.31 L per capita/day, respectively. The average intake of food for a single Hong Kong person was summed up to a total of 2760 kcal from the 1845 g of food consumed each day, which is higher than that of the FAO recommendation of 2500 kcal per day [3] and indicates a similar energy density when compared to the total world average food supply of 1909 g (2884 kcal/cap per day) per capita per day [3] .
The CF of the average daily diet in Hong Kong is among the highest compared to other regions (Figure 1) , except for the UK [29] , and is almost double that of the average Chinese diet despite the geographic proximity. This might be due to the fact that dietary patterns of urban areas, such as Hong Kong, differ greatly from those of rural areas [7] . Urban areas are reported to have higher food consumption, in general, in addition to higher consumption of meat and refined food products, which intensifies their environmental burden [30] .
The total WF for an average Hong Kong diet in this study is 4782 L per capita/day, which was similar to the 2013 Hong Kong data [7] . Hong Kong, as reported in both this and the 2013 study, tops the list when compared to other regions globally (Figure 2) . The recommended values for a sustainable diet are under 2055 g CO2-eq per capita/day [21] , and three sustainable diets are provided as examples [25, 27, 28] (Figure 3) . A typical Mediterranean diet often implies a low intake of red meat or processed food and a high intake of vegetables, fruit, fish, and grains [18] . The New Nordic diet is based on local food produced in the Nordic area and is characterized by a large proportion of calories provided by local non-animal products and wild foraged foods such as mushrooms, nuts, and berries [28] . The CF of the average Hong Kong diet exceeds the recommended CF value by a large extent, almost doubling the CF inherent in any of the three sustainable diets. No comparison between the WF of the average Hong Kong diet and any other sustainable diet could be done due to the lack of reliable data and water use recommendations. On evaluation, the primary cause of this massive CF is due to the high consumption of meat in Hong Kong, combined with carbon-intensive transportation of meat along with other foodstuffs.
The Hong Kong diet was found to be a typical, high-meat urban diet [31] and has one of the highest per capita meat supply and consumption rates in the world [7] . The total consumed weight of the meat category (aquatic animals, eggs, and milk excluded) was calculated to be 414 g per day per person, and accounted for 22% of total food intake. In comparison, the global average for meat consumption was only 125 g per capita/day at the time of this study, which was 7% of total food consumed [3] . It is established that meat products contribute to a larger environmental impact than any other food item in terms of GHG emissions [32, 33] , land use [33] , and water consumption [34] . The meat consumption calculated in this paper is higher than reported by Vanham et al. [35] (361.1 g). Our results may also be an underestimation, as Yau et al. [26] recently suggested that the daily meat consumption in Hong Kong could be as high as 500 g per capita per day with a GHG contribution of 5 Mt CO2-eq per year. The 22% contribution of meat on the environmental impact in our study is 57% of the total CF and 53% of the total WF of the whole diet. Meanwhile, the environmental impact of vegetable consumption is much smaller, comprising 20% of the diet and contributing only 11% to the total CF and 8% to the total WF. High intakes of meat in the average Hong Kong diet together with large amounts of general food intake, is seen to generate the diet's most negative environmental impact (Figure 4 ). Meat consumption is identified in this study as the largest contributor to the unsustainable CF and WF of the total diet, while the consumption of plant-based diets is demonstrated to be sustainable. Reduced intake of protein might be associated with plant-based diets; however, the reduced intake of protein and fat that is associated with plant-based diets is generally not a problem among more economically developed countries [21] , i.e., Hong Kong. In contrast, overweight, obesity, and related diseases, which are brought by overconsumption of foods that are high in added sugar, salt, and saturated fat, are more of a health concern. On the other hand, there might be a potential consumption increase when replacing meat with a plant-based diet to meet the same nutritional needs, which in turn, could potentially mitigate the sustainability of a diet. However, the CF and WF (environmental impacts) produced per kilogram of a vegetable item will still be much lower than the CF and WF per 1 kg of meat.
Considering the novelty of this topic, the standard methodology for assessing the environmental impact of a region's average diet has yet to be established. Difficulties were encountered when the estimated CF and WF of the Hong Kong diet in this study were compared to global dietary patterns, as most of the previously-reported results were not methodologically comparable. The fact that Hong Kong is both an independent region and an urban center provided an opportunity to isolate an urban dietary scenario from the rural scenarios present in other evaluations of regional diets. This study followed previously-established methodologies, where the average diet of Hong Kong was first identified. Then, the CF and WF indices from previous studies were extracted. The environmental impact was estimated by multiplying the amount of food consumed by these indices. However, the available data were partially fragmented and may have influenced the final results. Hong Kong is known to have a typical urban pattern of food supply, characterized as being heavily dependent on imported resources rather than local production [7] . The CF of food items produced in distant regions is higher than that of locally produced food [5] , and thus the adoption of global CF indices might underestimate the actual CF of Hong Kong consumption, as they do not account for GHG emissions. A recent study estimated the average GHG emission in the life cycle of food items produced with a wide range of production methods [36] . If the GHG emission values were combined with food consumption data used in this study, it would result in a total GHG emissions increase of over 33,000 g CO2-eq per capita/day-more than six times higher than the original calculation presented here. Therefore, the origin of food items and corresponding location-specific CF and WF indices should be taken into account to improve the accuracy of the estimated environmental impact, including not just production, but also transportation and other processes in the evaluation. The comparison of these results with other studies had to be performed with care due to the lack of agreement on assessment criteria of environmental impacts, system boundaries, and appropriate units for both food consumption and its associated impact.
Research focused on footprint indices does not necessarily follow FAO classification; however, these indices had to be matched to the average diet taken from the FAO. For example, aquatic animal consumption was divided into distinct groups of marine fish, freshwater fish, demersal fish, pelagic fish, mollusks, crustaceans, cephalopods, and others. However, there was only a single CF index found for estimating for all aquatic products. Therefore, the same index was assigned to all of the above categories. The mismatching of food items for estimating footprint indices and total food consumption may, therefore, not accurately reflect the actual CF and WF. However, in this study, aquatic animals accounted for only 9% of consumption, so the effect is likely minimal.
Further, the data on other means of assessing environmental impacts, including EF, biodiversity loss, and pollution, are sparse. If available, these impacts could be included in the assessment to provide a more complete analysis of environmental impacts.
In order to better estimate the environmental impact of the average Hong Kong diet, more specific data is needed for both food consumption patterns as well as location-specific footprint indices. A population-based food consumption survey is planned to be conducted by the Hong Kong government in the near future and might provide a better estimation of the latest consumption patterns. Results from this analysis might, therefore, be useful for a more precise estimation of environmental costs associated with contemporary consumption patterns.
If Hong Kong residents follow the local government's dietary guideline for a healthy diet, meatrelated GHG emissions could be reduced by 67% [26] . Despite this recommendation, the dietary patterns in China are drastically changing from plant-based to animal-based: meat consumption increased 350% from 1963 to 2003 [2] . However, the awareness of the local population of environmental issues has led to increased demand for more sustainable, vegetarian food items in China [19] , and the results of the study presented here may further contribute to this trend.
Materials and Methods

Assessment Indicators (CF and WF)
CF was estimated as the total amount of GHG emissions of food products during their life cycle in terms of g CO2-eq [11] . In addition to CO2, other GHG emissions such as methane, nitrogen dioxide, hydrofluorocarbons, perfluorocarbons, and sulfur hexafluorides were also taken into account for the CF calculation. The impacts of these GHG were converted into carbon dioxide equivalent for better comparison [11] . WF is the total consumption of freshwater used throughout the life cycle of a food item, including the consumption of surface and groundwater as well as rainwater stored in the soil [11] . Total WF used in this study was calculated by the sum of blue WF (the use of surface and groundwater) and green WF (the consumption of soil-locked rainwater). This approach is consistent with recent studies investigating WFs [7, 15, 30, 31, 35, 37] . The grey WF-the volume of fresh water needed to remove pollutants [11] -was not considered due to the lack of reliable data [7] .
Estimation of the Average Hong Kong Daily Diet
To estimate the environmental impact of various dietary scenarios, the complete daily diet, rather than any single meal, was taken into account and allocated a functional unit (FU). This FU was chosen as a comparison of life cycle assessments to achieve a comparable estimate of environmental impact derived from average food consumption in Hong Kong [38] .
The methodology of a regional average diet estimation follows the practice of referencing to national food consumption surveys [13, 14, 16, 39] or the Food and Agriculture Organization of the United Nation (FAO) food balance sheet [7] in the absence of a national food consumption survey. The daily diet scenario used in this paper was extracted from the latest reliable dataset for complete diet estimations-the FAO food balance sheet for Hong Kong (2013). It included all food supplied for human consumption in all available forms reaching households of citizens, except the loss of food items during production and post-production phases [17] . In total, 77 food items were provided, and all non-zero value food items were taken into account. The nine main groups of food items were grains, vegetables, fruits, meat, aquatic animals, eggs, milk, fat/oil, salt and sugar, and beverages (Table 1 ). In total, 356.2 g per capita/day was food waste, which was equivalent to 16% of the total food supply per household [40] .
GHG emissions derived from food items were retrieved using previously established methods [25] , and the global average values for each item were reported. The CF of beverages were retrieved from the published source [16] . However, due to the lack of reliable data on fermented beverages, cocoa beans and products, sesame seeds, and sunflower seeds, these food items were excluded (total of 0.3% of total food intake) from the final report.
The global average coefficients of food-derived WF in terms of liters of water consumed per unit weight of food items were adopted from Mekonnen and Hoekstra [34] . The WF indices for edible offal, as well as all items in the category of aquatic animals, raw animal fat, and cream, were retrieved from Vanham et al. in 2017 [7] . No reliable data were available for the WF of honey, which entailed 0.05% weight of the total food intake.
The environment impact of the average Hong Kong diet was estimated by multiplying the daily per capita consumption of the complete diet by the coefficients of CF and WF, respectively. The estimated CF and WF of mean diets were compared to those from other regions, measured by similar methodologies. Only studies with complete-diet analyses were included in the comparisons.
Conclusions
In conclusion, there is an urgent need for the development of a standardized methodology for assessing the environmental impacts of Asian diets, as 60% of the global population lives within Asia [3] . Asian consumption habits differ from Western habits [2] ; hence, more studies on Asian diets are warranted in order to estimate the overall environmental impact on the global food system.
Owing to the fact that the average Hong Kong food consumption pattern is unsustainable, there is an urgent need to promote alternative dietary habits. Meat consumption is identified in this study as the largest contributor to the unsustainable CF and WF of the total diet, while the consumption of plant-based diets is demonstrated to be sustainable. Altering the standard consumption patterns characteristic of the average daily Hong Kong diet is thus critical in mitigating food-sourced environmental impacts. In the hope of shifting the average Hong Kong diet to a more sustainable pattern, there are a few ideas that one can consider, such as the development of a sustainable dietary guideline together with environmental education, as well as the investigation of new means of food production lending to a more sovereign and local food system. Considering other components of the food system, the elimination of food waste to mitigate the high CF and WF of the Hong Kong diet should also be considered as another possible solution. Funding: This research received no external funding.
